Recent advances in fMRI methodology have allowed researchers to examine agerelated neural differences underlying episodic memory from both a quantitative and network level approach. Specifically, BOLD (blood-oxygen-level-dependent) contrasts have observed age-related decreases and increases in overall neural activation. Regarding increases, the pattern of activity often results in more bilateral frontal activation (described as Hemispheric Asymmetry Reduction in OLDer adults; HAROLD) or greater recruitment of frontal regions (described as Posterior to Anterior Shift in Aging; PASA) in aging. These increases are largely interpreted as compensatory and beneficial to memory performance. Similar to BOLD findings, connectivity analyses showed age-related plasticity within the episodic memory network, with results converging on a similar posterior-to-anterior shift in the coherence of regions associated with medial temporal lobe activity during episodic encoding and retrieval. This paper reviews the latest neuroimaging findings across both BOLD and connectivity results associated with age-related differences in episodic memory.
neural activity mediating memory is associated with both age-related decreases and agerelated increases in overall levels of activation. In addition, connectivity analyses have identified age-related shifts in both the strength of the connections within a given memory network and shifts in the composition of the network itself. The present article will review the findings from structural measures and traditional BOLD (blood oxygen level dependent) contrasts describing age-related differences in memory performance while focusing on the review of recent findings from intrinsic and functional connectivity studies examining age-related changes in memory performance. The findings will be interpreted with regard to proposed models of age-related neural differences including the Hemispheric Asymmetry Reduction in OLDer adults (HAROLD) and the Posterior to Anterior Shift in Aging (PASA) models.
STRUCTURAL DIFFERENCES ASSOCIATED WITH REGIONS MEDIATING EPISODIC MEMORY
Before reviewing age-related differences in neural activity, it is important to first have an understanding of age-related structural differences that contribute to functional differences, particularly with respect to brain regions that mediate episodic memory. Episodic memory relies primarily on the prefrontal cortex (PFC) and the medial temporal lobe (MTL), which includes the hippocampus and PHG (parahippocampal gyrus) (Manns, Hopkins, Reed, Kitchener, & Squire, 2003; Nadel & Land, 2000; Squire, 1992; Squire, Stark, & Clark, 2004; Yonelinas, Hopfinger, Buonocore, Kroll, & Baynes, 2001) . In general, when considering age-related neuronal atrophy, the PFC and hippocampus are two regions exhibiting the greatest amount of age-related decline (Pfefferbaum, Sullivan, Rosenbloom, Mathalon, & Lim, 1998; Raz, 2005; Raz, Rodrigue, Head, Kennedy, & Acker, 2004; Resnick, Pham, Kraut, Zonderman, & Davatzikos, 2003; Scahill et al., 2003) . For example, in older adults, the frontal lobes have been shown to decline at an average rate of between 0.9% and 1.5% per year-the steepest rate of decline when considering all cortical and subcortical regions (Pfefferbaum et al., 1998; Raz et al., 2005; Resnick et al., 2003) . When considering age-related volumetric decline within the MTL, it is important to distinguish between MTL subregions. While the entorhinal cortex has shown very little volume decline in healthy aging (Du et al., 2003; Raz et al., 2005; , the hippocampus has shown substantial atrophy, with increased atrophy associated with increasing age. For example, one study found that age-related volumetric decline in the hippocampus occurred at an average rate of 0.86% when considering data collected from individuals ranging from 26-82 years of age, but this rate increased to 1.18% per year for adults over the age of 50 . Moreover, a review of 12 studies estimated that after the age of 70 this rate may be as high as 1.85% per year (see Raz, 2005) .
In addition to volumetric declines, healthy aging is also associated with pervasive white matter declines. In fact, within the PFC, white matter atrophy tends to be more pronounced than gray matter atrophy (Double et al., 1996; Esiri, 1994; Kemper, 1994) . In accord with this finding, white matter atrophy has also been shown to be greatest in more anterior as opposed to posterior brain regions (Raz et al., 1997; Salat, Kaye, & Janowsky, 1999) . Volume loss is also accompanied by age-related reductions in white matter integrity (in the form of reduced fractional anisotrophy (FA), or the diffusion within mylenated fiber tracts) also tend to be greatest within the PFC (Madden et al., 2007; Madden et al., 2004; O'Sullivan et al., 2001; Raz et al., 2005; Salat et al., 1999) . Moreover, recent evidence suggests that rather than a PFC-specific effect, these reductions show a more global anterior-to-posterior gradient (e.g., Bennett, Madden, Vaidya, Howard, & Howard, 2010; Davis et al., 2009; Head et al., 2004; Pfefferbaum & Sullivan, 2003; Salat et al., 2005; Sullivan, Rohlfing, & Pfefferbaum, 2008) .
Age-related atrophy within both the PFC and MTL have been shown to correlate with memory performance in aging (e.g., Du et al., 2003; Head, Kennedy, Rodrigue, & Raz, 2009; Raz, Rodrigue, Kennedy, Dahle et al., 2003; . For example, with respect to frontal volume, Rajah and colleagues (2011) found that agerelated reductions in medial frontal gyrus volume were negatively correlated with retrieval activity in the same region during an episodic memory task (Rajah, Languay, & Grady, 2011) . Similarly, within the MTL, Yonelinas and colleagues (2007) found that hippocampal volume predicted performance on a recall test in older adults while entorhinal volume predicted performance on a recognition test-and reductions in overall MTL volume were correlated with memory performance in aging. Decreased white matter integrity has also been shown to correlate with memory deficits (Gunning-Dixon & Raz, 2000; Madden et al., 2004; O'Sullivan et al., 2001; Persson et al., 2006) . For example, Persson and colleagues (2006) found reduced white matter integrity of anterior brain regions, as well as decreased hippocampal volume, in older adults with poor episodic memory performance compared to older adults not showing episodic memory deficits. Taken together, age-related structural changes in both grey matter volume and white matter integrity have been shown to have a significant impact on age-related memory performance. As such, results underscore the importance of identifying the neural networks mediating memory tasks and understanding how age-related changes to the structural components of these underlying networks can impact behavior.
AGE-RELATED DIFFERENCES IN FUNCTIONAL ACTIVATIONS
While MRI measures are able to characterize volumetric and structural differences across aging, functional MRI (fMRI) has been used to study age-related differences in regional activation associated with memory function. Altered already defined above BOLD signals in aging have been found in both the form of age-related decreases as well as increases, with the latter often characterized in terms of compensatory functioning (Cabeza, Anderson, Locantore, & McIntosh, 2002) . Across the literature two patterns of age-related compensation in activation have been described, and can be helpful in characterizing the forthcoming results. The first is a pattern that is marked by an agerelated reduction in lateralized activity within the PFC. Known as Hemispheric Asymmetry Reduction in Older Adults (HAROLD), the HAROLD model posits that older adults require additional resources (i.e., activity in the contralateral hemisphere) to complete tasks that younger adults can complete with more limited resources (activity in only one hemisphere) (Cabeza, 2002) . First described by Cabeza and colleagues (1997) HAROLD is regarded as compensatory as it is often positively correlated with successful cognitive performance (e.g., Reuter-Lorenz et al., 2000) and is found in high-performing rather than in low performing older adults (e.g., Cabeza, 2002; Rosen et al., 2002) . A second pattern emerges in the form of an age-related shift in activation from more posterior regions to more anterior regions. This Posterior-to-Anterior Shift in Aging (PASA) is also regarded as compensatory suggesting that, as older adults experience decreases in bottom-up processing associated with visual cortex and other posterior processing regions, they compensate for this reduced functioning in the form of increased top-down processing (Davis, Dennis, Daselaar, Fleck, & Cabeza, 2008; Grady et al., 1994) . As will be evidenced by the studies described hereafter, these two models of age-related plasticity in functional activations are important underpinnings in understanding age-related differences in both encoding and retrieval processes mediating episodic memory performance and also illustrate the adaptability of the frontal lobes in supporting memory processes in aging.
Encoding. As noted, episodic memory, or memory for personal events pertaining to a specific time and date, has been associated with significant behavioral decline in aging (for a review see Zacks, Hasher, & Li, 2000) . fMRI analyses allows for age-related differences in both phases of episodic memory, encoding and retrieval, to be measured and indexed separately. With regard to encoding, one of the most consistent findings is that of an age-related reduction in left PFC activity combined with an age-related increase in right PFC activity, resulting in a more bilateral pattern of PFC activity (i.e., HAROLD) (e.g., Anderson et al., 2000; Cabeza et al., 1997; Daselaar, Veltman, Rombouts, Raaijmakers, & Jonker, 2003b; Grady, Bernstein, Beig, & Siegenthaler, 2002; Logan, Sanders, Snyder, Morris, & Buckner, 2002; Rosen et al., 2002; Stebbins et al., 2002) . Originally identified in blocked designs, and found to be more prevalent in intentional compared to incidental encoding tasks, this pattern was initially thought to represent a deficit associated with the lack of support found in shallow encoding tasks. However, since these initial studies, the activation pattern has been observed when testing with event-related fMRI and subsequent memory designs (which measure memory success). As such, this age-related shift from left-lateralized processing to a more distributed, bilateral pattern has been interpreted as compensatory being that it corresponds not only to encoding attempt, but ultimate success.
This compensatory interpretation is supported by several studies, each with different methodological approaches. For example, HAROLD is associated with high, but not lowperforming groups (Cabeza, 2002; Daselaar et al., 2003b; Rosen et al., 2002) and is present when performance in older adults is improved with the provision of a deep encoding task (Logan et al., 2002 ) (See Fig. 1) . From an individual differences investigation, Cabeza and colleagues (1997) found that older adults that exhibited HAROLD (compared to those that did not) performed similarly to young adults who showed selective left PFC activation on a word pair memory test. In addition, HAROLD is more pronounced among elderly with greater hippocampal atrophy and greater white matter decline (Persson et al., 2006) . These results suggest that HAROLD does not reflect a deficit in cognitive strategies, but is more likely a response to an age-related shift in the structure and function of the underlying neural network. However, not all studies finding HAROLD attribute this age-related increase in bilaterality to compensation (de Chastelaine, Wang, Minton, Muftuler, & Rugg, 2011; Duverne, Motamedinia, & Rugg, 2009 ). For example, de Chastelaine and colleagues (2011) found that age-related increases in right PFC activity during associative memory encoding negatively correlated with memory performance. While these results appear to suggest a detrimental role of the right PFC in associative memory encoding, the authors suggest that a more parsimonious interpretation of the results is that right PFC recruitment in aging is indicative of compensation attempt and only partial compensation success. This idea of partial compensation and competition attempt vs. compensation success has recently been explored more thoroughly, with recent advances to the HAROLD model suggesting that there exists a threshold at which task difficulty is such that additional compensation attempt does little to enhance memory performance (Cabeza & Dennis, in press ).
In addition to encoding-related increases in right PFC activity, age-related underrecruitment of the MTL is often observed during episodic encoding and viewed as a contributing factor to age-related deficits in episodic memory performance (e.g., Daselaar, Veltman, Rombouts, Raaijmakers, & Jonker, 2003a; Daselaar et al., 2003b; Dennis, Daselaar, & Cabeza, 2007; Grady et al., 2002; Grady et al., 1995; Gutchess et al., 2005; Iidaka et al., 2002) . For example, using a levels of processing approach, Daselaar and colleagues (2003a) found that older adults exhibited reduced hippocampal activation during deep relative to shallow encoding. The same researchers also found that when dividing older adults by performance measures, the low performers showed reliably less hippocampal activity during encoding than did the high performers (Daselaar et al., 2003b) . Subsequent memory studies also find age-related decreases in MTL activity (e.g., Dennis et al., 2007; Dennis, Kim, & Cabeza, 2008; Gutchess et al., 2005) , with these decreases often accompanied by age-related increases in PFC activity (PASA). As these latter studies focus on memory success, authors interpret this shift in neural recruitment to reflect compensatory changes necessary to maintain memory performance in aging. Combined with the aforementioned decline in left PFC activity and increase in right PFC activity, MTL declines strongly suggest an age-related shift in the encoding network.
Retrieval. Age-related shifts in neural recruitment have been shown for retrieval as well as encoding. While several blocked studies have observed HAROLD (e.g., Bäckman et al., 1997; Cabeza et al., 2002; Cabeza et al., 1997; Madden et al., 1999) , retrieval is most often associated with general increases in frontal recruitment coupled with decreases in activation in more posterior brain regions (e.g., occipital cortex (PASA) (e.g., Cabeza, Anderson, Houle, Mangels, & Nyberg, 2000; Cabeza et al., 2004; Davis et al., 2008; Grady et al., 2002) . As with HAROLD, the age-related increases in PFC recruitment observed in PASA are also regarded as compensatory with regard to the occipital decreases. Evidence for this compensatory view was provided by Davis and colleagues (2008) who found that the strength of the observed age-related increases in PFC activity in older adults was negatively correlated with the strength of occipital decreases in this group (see Fig 2a) . In other words, the older adults who showed the strongest PFC activations were the ones who showed the weakest occipital activation. Moreover, age-related increases in frontal activity were positively correlated with performance (see Fig 2b) . This finding is consistent with the idea that older adults attempt to compensate for occipital decline by recruiting additional resources in the PFC; and their ability to do so positively impacts episodic memory. Despite the prevalence of the PASA pattern during retrieval, the most salient neural difference associated with episodic retrieval in aging is found within the MTL. Specifically, older adults often exhibit an age-related decrease in hippocampal activation accompanied by an age-related increase in parahippocampal activation (Cabeza et al., 2004; Daselaar, Fleck, Dobbins, Madden, & Cabeza, 2006; Giovanello, Kensinger, Wong, & Schacter, 2009) . Given that the hippocampus is associated with recollection (i.e., retrieval of specific contextual details of an event) and parahippocampus associated with familiarity (i.e., retrieval of the event in the absence of such details), this neural shift suggests that older adults may be relying on greater familiarity processing to compensate for deficits associated with recollection. For example, Cabeza and colleagues (Cabeza et al., 2004) found an age-related reduction in hippocampal activity associated with verbal recognition, but a corresponding increase in parahippocampal activation. Accompanying these findings, the authors also observed an age-related increase in familiarity-based responses, which was positively correlated with the parahippocampal activation. The same research group also found age-related hippocampal deficits to be accompanied by increases in rhinal activity (Daselaar et al., 2006) . In addition to this shift in activation, regression analyses revealed that while younger adults relied only on hippocampal activity for memory performance, older adults relied both on hippocampal and rhinal activity. Functional connectivity analyses suggest that this shift from recollection-based responding to familiarity-based memory decisions may be modulated by top-down control via the PFC and support the PASA model (see below for more details).
Though deterioration of the hippocampus is often regarded as a hallmark of aging and age-related memory deficits, some research has found hippocampal activation to be intact in older adults (e.g., Miller et al., 2008; Persson, Kalpouzos, Nilsson, Ryberg, & Nyberg, 2011; Ramsoy et al., 2011; Rand-Giovannetti et al., 2006; Sperling et al., 2003) . For example, examining face-name association memory, Persson and colleagues (2011) observed equivalent bilateral hippocampal activation during retrieval in younger and older adults. Using a similar face-name association memory task, Miller and colleagues (2008) also found preserved hippocampal activation in older adults during retrieval. While such associative memory tasks rely heavily on recollection, these results suggest that when familiarity is not an option for supporting memory success, older adults can call upon hippocampal processes to the same degree as their younger counterparts. However, despite equivalent hippocampal recruitment, older adults do not exhibit the same performance benefits as do younger adults, suggesting that processing efficiency in the hippocampus may still be a contributing factor to age-related memory impairments.
The foregoing results from both encoding and retrieval studies of episodic memory suggest that there are prominent age-related differences in brain activity related to memory performance. As discussed, these differences predominantly involve shifts in neural recruitment within both the PFC and MTL. And as noted, these shifts include both age-related reductions as well as increases in neural activity. The foregoing age-related differences in the BOLD response are often associated with one of two patterns of activation differences, HAROLD and PASA. As exemplified in this section, fMRI research has supported the account that HAROLD and PASA operate as compensatory mechanisms in older adults to alleviate age-related decline in the structure and processing efficiency in the memory network. Furthermore, these compensatory patterns have been observed not only when examining age-related differences in overall activations, but also when examining the functional network mediating episodic memory.
Future directions in task-related analyses. There are several areas in which future studies examining BOLD differences across aging can advance the current state of the literature. One notable methodological improvement in the area of aging would be the use of larger and more diverse sample sizes. The majority of neuroimaging studies use less than 30 participants per age group (many less than 20). In addition, the majority of these samples are high-functioning older adults who have no health limitations precluding their participation in neuroimaging studies. Future studies would benefit from diversity in both age and cognitive abilities within the older adult sample. In addition, as the majority of studies focus on age differences in neural activity between a young group (18-30 yrs old) and an older group (60+ yrs old), efforts to include middle aged adults and/or longitudinal studies would help speak to the issue of categorizing neuronal change across age.
AGE-RELATED DIFFERENCES IN CONNECTIVITY
While traditional BOLD contrast analyses (such as those described above) have been successful in identifying age differences in the functional segregation of neural activation, recent advances in neuroimaging analyses have allowed for the measurement of age differences in the coherence of BOLD activations across the brain. As such, connectivity analysis goes beyond mere BOLD contrasts by quantifying the temporal correlations between disparate neurophysiological activations throughout the cortex (Friston, Frith, Fletcher, Liddle, & Frackowiak, 1996; Rissman, Gazzaley, & D'Esposito, 2004) . This temporal coupling has been measured both at rest (referred to hereafter as resting or intrinsic connectivity) and in association with task performance (referred to hereafter as functional connectivity). And like focal activations, neuronal connectivity also exhibits age-related differences in both the strength of regional connections as well as the composition of regions within a given memory network.
Intrinsic connectivity. When examining such inter-region connections during rest, in the absence of any external stimuli, researchers are able to obtain a measure of resting-state or intrinsic connectivity. These spontaneous correlations in the BOLD signal across different brain regions are taken to reflect the underlying neural architecture and inherent connectivity within the brain. Recent research has hypothesized that this coherence during rest has functional implications and may be predictive of individual differences in cognitive performance (e.g., Fox, Corbetta, Snyder, Vincent, & Raichle, 2006; Hampson, Driesen, Skudlarski, Gore, & Constable, 2006; Vincent et al., 2006) . For instance, the intrinsic connectivity of memory-related regions has been shown to change with prior learning (Albert, Robertson, Mehta, & Miall, 2009 ). Moreover, a wealth of research supports off-line consolidation of information into long term memory stores (Alvarez & Squire, 1994; Izquierdo et al., 2007; Meeter & Murre, 2004) , thereby associating subsequent memory performance with off-line changes in neural activity. Thus, one can infer that the strength of these resting-state connections has a direct bearing on the brain's ability to form stable long-term memories.
With regard to aging, researchers can use this analysis method to measure age-related differences in the underlying organization of memory networks in order to determine how such differences may contribute to age-related differences in memory performance. For example, when investigating the relationship between memory and intrinsic connectivity, recent studies have focused on co-activations within the default mode network (DMN). The DMN is comprised of a large number of brain regions including the posterior cingulate and medial parietal regions, inferior parietal lobe, medial prefrontal cortex, superior frontal gyrus, the anterior portion of inferior temporal cortex, medial temporal cortex, and medial cerebellum (Fox et al., 2005; Raichle et al., 2001 ). The DMN is uniquely marked by deactivations in response to external stimuli, or active states, and increases in activity in the absence of any external stimulus, or during what is commonly referred to as "resting states." Due to such increases in activity during off-task or rest periods, it is theorized that the DMN engages in a process of spontaneous thought or intrinsic information processing that in turn correlates with cognitive function (Damoiseaux et al., 2008; Mason et al., 2007; Raichle et al., 2001 ). Furthermore, due to the presence of hippocampal coactivation within the network (Greicius, Srivastava, Reiss, & Menon, 2004) , there is building evidence that the DMN is integral in episodic memory processes (Buckner et al., 2005; Greicius et al., 2004; Greicius, Supekar, Menon, & Dougherty, 2009; Maguire & Mummery, 1999) .
While BOLD contrasts have found age-related deficits in the overall levels of deactivations within the DMN during cognitive tasks, including memory (e.g., Grady, Springer, Hongwanishkul, McIntosh, & Winocur, 2006; Lustig et al., 2003) , recent research has also found lower intrinsic connectivity within the DMN in older adults (Koch et al., 2010; Sambataro et al., 2010) . For example, Damoiseaux and colleagues (2008) when extracting activation from two resting state networks (corresponding to the anterior and posterior components of the DMN), found that functional connectivity across both networks was reduced in aging. Additionally, connectivity in the anterior network correlated with age in the older group, suggesting an inverse relationship between the integrity of the network and advanced aging. Furthermore, age-related decreases in activity in this network were also found to be associated with poorer cognitive function across a number of neuropsychological tests, including memory.
While the aforementioned study illustrates the relationship between task performance and agerelated differences in DMN connectivity strength, additional research has examined the interaction between the hippocampus and intrinsic connectivity within the DMN across age.
While not included in the original definition of the DMN, the hippocampus has since been linked to this network, as its intrinsic connectivity map often overlaps with DMN regions (Buckner, Andrews-Hanna, & Schacter, 2008; Vincent et al., 2006) . Given that the hippocampus is a key region mediating memory function, several studies have used the hippocampus as a seed region when examining the relationship between intrinsic connectivity and memory functioning. Focusing on this relationship, Wang and colleagues (Wang et al., 2010) found that stronger coupling between the right hippocampus and the bilateral PPC predicted better memory performance across a number of memory tasks in a group of older adults. Moreover, intrinsic connectivity between these same regions was not found to be indicative of performance on any other cognitive measure (e.g., executive function, processing speed, global cognition). One recent study has not only looked at the relationship between intrinsic connectivity in the DMN and memory performance in aging, but has also taken into account measures of structural integrity as well (He et al., 2012) . Researchers found that grey matter volume, white matter hyperintensities, and connectivity between the left inferior parietal cortex and medial prefrontal cortex independently correlated with episodic memory performance. However, this relationship between connectivity and performance was found to be mediated by grey matter volume in the PFC. Specifically, intrinsic connectivity was only correlated with performance for those older individuals whose grey matter volumes fell below the median, and not for those whose grey matter volume was above the median. Thus, results suggest that enhanced parietal-frontal connectivity may mitigate the effects of neuronal atrophy on memory performance in older adults. Longitudinal research in this area is needed to fully clarify this relationship.
In addition to the cortical-cortical connectivity described above, changes in intrinsic connectivity within subcortical regions have also been found to correlate with episodic memory performance in older adults. Specifically, Ystad and colleagues (2010) used resting state fMRI and an independent component analysis (spatial ICA) to study the communication of subcortical structures within the thalamus and basal ganglia in a large group of healthy older adults. Results showed that connectivity between these two subcortical areas was found to be negatively correlated with verbal episodic memory performance, as measured by the California Verbal Learning Test II (CVLT-II). Specifically, older adults' verbal episodic memory performance was found to be negatively correlated with the number and strength of the basal ganglia and thalamus connections. While these subcortical regions are sensitive to brain volume decline in aging , researchers suggest the observed decrease in structural connectivity found in these regions in aging may be a result of agerelated atrophy of these regions and suggest a previously unidentified role of these regions in supporting episodic memory. The research on intrinsic connectivity discussed here illustrates the importance in not only regional brain integrity, but also the strength of inherent connectivity among disparate brain regions. While reductions in intrinsic connectivity has been shown to negatively impact episodic memory performance in older adults, understanding the impact of alterations within a functional network (particularly given evidence for age-related shift in functional networks summarized in the above section) is also integral to understanding age-related differences in memory performance.
Functional connectivity. In addition to examining age-related changes in intrinsic connectivity, recent studies have also examined age-related differences in functional connectivity, or the corollary relationship amongst brain regions associated with the execution of a cognitive task. When examining functional connectivity associated with memory performance, it is often the case that connectivity is measured with respect to successful memory performance (as opposed to collapsing across trials representing information that was both remembered and forgotten). As such, functional connectivity analysis, within the domain of memory, focuses on the coherence of brain regions supporting memory success. Similar to the analyses observed for intrinsic connectivity, the coherence in brain connectivity associated with memory success has been shown to undergo age-related plasticity. Much of this age-related change in functional networks has focused on connectivity with the MTL, and specifically, the hippocampus.
In one of the first studies to examine age-related differences in functional connectivity associated with episodic memory, Grady and colleagues (2003) found a ventral-to-dorsal shift in functional coupling between the hippocampus and activity in the rest of the brain during episodic encoding. Specifically, young adults exhibited functional coupling between activity in the hippocampus and activity in the ventral PFC and extrastriate cortex. Moreover, increased activity in these regions was associated with better subsequent memory. Older adults, on the other hand, exhibited correlations between hippocampal activity and activity in the dorsolateral PFC and parietal cortex, with increased activity in these regions associated with better subsequent memory. The authors concluded that this age-related distinction in ventral/dorsal activation was indicative of a shift from perceptual-based processing in younger adults to higher-order or top-down processing in more advanced aging.
Since this study, several other studies have observed similar levels of plasticity in hippocampal connectivity across aging. And, like the interpretation of this PASA pattern in the BOLD contrasts, researchers also interpret these age-related shifts in top-down processes as compensation for age-related deficits in perceptual and bottom-up processes. For example, using beta series correlations, Daselaar and colleagues (2006) showed that age-related differences in recollection-related MTL activation was also accompanied by age-related differences in MTL connectivity. Specifically, the authors found that was not only associated with a reduction in hippocampal activity (see above), but also a reduction in functional connectivity between the hippocampus and the retrosplenial / parietotemporal cortices. Despite these reductions, older adults exhibited both increased rhinal activity during recollection and increased connectivity between the rhinal cortex and bilateral frontal cortex. When considering findings from both the BOLD contrasts and the connectivity analysis, results suggest that older adults not only compensate for hippocampal deficits by relying more on rhinal functioning, but do so through top-down modulation from the frontal cortex.
Increased frontal-MTL connectivity attributed to an age-related increase in top down modulation has also been found in emotional and source memory studies (Addis, Leclerc, Muscatell, & Kensinger, 2010; Murty et al., 2009; St Jacques, Dolcos, & Cabeza, 2009 ). For example, St. Jacques and colleagues (2009) observed age-related differences in amygdala connectivity associated with encoding of negative (but not positive) stimuli.
While both age groups exhibited equal engagement of the amygdala during successful emotional encoding, young adults exhibited stronger connectivity between the amygdala and typical subsequent memory regions, including the hippocampus and bilateral VLPFC. Older adults, on the other hand, exhibited stronger amygdala connectivity with regions involved in cognitive control such as bilateral DLPFC and parietal cortex. Similar results were observed by Murty and colleagues (2009) who found age-related decreases in amygdala-hippocampal coupling, but increases in coupling between the amygdala and the DLPFC (see Fig. 3a ). Like the foregoing episodic memory studies of neutral stimuli, the results of emotional memory studies suggest that with age, comes an increased reliance on control processes mediated by the PFC. However, Addis and colleagues (2010) only found age-related connectivity differences for positive and not negative stimuli (i.e., for positive stimuli the ventromedial PFC and amygdala exhibited negative connectivity with the hippocampus in younger adults, but positive connectivity in older adults). Despite this difference between studies, Addis' results suggest an age-related increase in modulation of the hippocampus by regions associated with both cognitive control and affectprocessing for positive images, supporting the typically observed positivity effect in aging (i.e., better memory for positive vs. negative information). Taken together, the aforementioned results suggest age-related increases in inhibitory and control processes involved in processing emotion content during memory encoding.
While this shift in MTL connectivity from more posterior to more anterior regions Fig. 3 . a. Age-related differences in functional connectivity with the medial temporal lobe (MTL) during source encoding, where older adults show greater MTL-frontal connectivity and younger adults show greater MTL-posterior connectivity (PASA). [Dennis, Hayes, et al. (2008) . (i.e., PASA) has often been viewed as compensatory, as is the interpretation in the foregoing BOLD studies, recent work has found this shift to occur independent of agerelated increases in PFC activation. For example, using a hippocampal seed region involved in successful source encoding (and focusing only on connectivity associated with successful trials), Dennis and colleagues (2008) found age-related reductions in functional coupling between the hippocampus and inferior temporal cortices (i.e., regions involved in perceptual processing of the pictorial stimuli), but greater connectivity between the hippocampus and PFC (see Fig. 3b ). Interestingly, while older adults showed stronger hippocampal-PFC connectivity compared to young adults, it was the younger adults who showed stronger task-related PFC activity. This important distinction suggests that the age-related shift to more frontally-mediated interactions with the hippocampus can be associated with compensation attempt, rather than memory success and is not merely a consequence of a PASA effect on brain activity. Given that PASA is not observed in resting state connectivity, but only functional connectivity studies and BOLD differences measured in event-related studies, it does not appear that age-related shifts in MTL-PFC connectivity are ubiquitous. Rather, research suggests that top-down modulation supports functional decline in posterior regions supporting memory performance and are present only for compensation attempt and subsequent memory success. This theory is supported by a recent study by Dew and colleagues (Dew, Buchler, Dobbins, & Cabeza, 2011) which found that while older adults exhibited greater MTL-PFC connectivity during successful retrieval trials, they did not show increased connectivity during preparatory retrieval processing. While results are in agreement with previous connectivity studies suggesting that age-related shifts to increased MTL-PFC connectivity occur in support of correct performance, they also suggest that this shift to greater top-down modulation may be responsive to the demands, and successful execution, of certain memory tasks.
Future directions in connectivity analyses. Despite this relatively consistent set of findings, only a handful of studies have used connectivity to examine age differences in episodic memory performance in healthy aging. Accordingly, more work is necessary to verify this pattern of MTL-PFC connectivity differences. In addition, as the focus of these connectivity studies have focused on age differences in MTL connectivity, research examining other networks, using other seed regions is necessary in order to obtain a complete picture of plasticity in connectivity across age. Moreover, connectivity between discrete brain regions is predicated on a number of factors, including the integrity of the white matter fiber bundles that cover the cortex, carrying information from one region to another. While it is not yet possible to measure the information flow along the length of a fiber tract, diffusion tensor imaging (DTI) allows for the measurement of the structural and functional integrity of the fiber tracts. By combining fMRI and connectivity analyses with DTI measures, we may be able to link age-related shift in connectivity with agerelated changes in the integrity of the connections between given brain regions. Finally, there is a need to expand connectivity analyses to include examination of networks involved in both unsuccessful, as well as successful memory performance. As noted, age-related decline in overall memory performance is often observed. However, most functional connectivity studies within the domain of episodic memory have focused on connectivity difference associated with successful memory performance. Research examining the pattern of activation that leads to unsuccessful memory may be equally as informative when attempting to understand age-related deficits in memory functioning.
CONCLUSIONS
To date functional MRI has provided two complementary analysis approaches for elucidating age-related differences in neural functioning. BOLD contrasts have found both age-related decreases as well as increases associated with episodic memory performance. While decreases are interpreted as age-related declines in both structure and function of the neuronal architecture, increases are often regarded as compensatory. For the most part, compensatory processes have been shown to be mediated by frontal regions (HAROLD; PASA). As such, compensatory processes are interpreted as reflecting topdown cognitive control and increased high-order processing. Connectivity analyses have also identified age-related plasticity within the network underlying episodic memory processes. Whereas intrinsic connectivity analyses have found age-related alterations in the coherence between disparate brain regions, affecting memory performance, functional connectivity analyses have found a general shift in coherence with MTL activity. Specifically, functional connectivity analyses have observed a general posterior-toanterior shift in aging (PASA) in the network of brain regions working in sync with the MTL during both episodic encoding and retrieval. Like the interpretations of BOLD activation differences, these shifts in functional connectivity are also interpreted as compensatory, reflecting the same top-down, higher order processing.
The fact that findings from both analysis methods are similar is not surprising, but rather sensible. For, if a given region is not as strongly connected to others regions, then one would expect that the overall activation of any region that receives processing from that region will exhibit decreases in its own activation. At the same time, if a given region is exhibiting deficits in its own functioning, one would expect that it will exhibit difficulty both receiving and conveying information, leading to weaker connectivity and modulation of other regions in its network. Obviously these two findings create a bit of a chicken and the egg dilemma with regard to the casual mechanism underlying the current set of findings. More research is needed to determine which age-related dysfunction begets the other, or whether a third variable causes both sets of changes in aging.
